ABSTRACT Antibiotic-resistant bacteria in poultry meat are a threat to public health. In this study, we compared the Enterococcus spp. loads and antibioticresistance profiles between carcasses of conventionally and organically raised chickens. A total of 144 chicken carcasses (72 conventional and 72 organic) was collected from local retail markets in Seoul, South Korea. Overall, 77.7% (112 of 144; 75% conventional and 80% organic) of chicken carcasses were positive for Enterococcus. The mean loads of Enterococcus spp. were greater in conventional chicken carcasses, at 2.9 ± 0.4 log CFU/mL, than those in organic chicken carcasses, at 1.78 ± 0.3 log CFU/mL (p < 0.05). A total of 104 isolates (52 from conventional and 52 from organic chicken carcasses) was randomly selected for further analysis. The predominant species was Enterococcus faecalis in both conventional and organic chicken carcasses (57.7 and 76.9%, respectively; P > 0.05). Rates of resistance to ciprofloxacin and erythromycin, which are used in veterinary medicine in South Korea, were significantly higher in conventional chicken carcasses than in organic chicken carcasses. However, we found no difference between the rates of resistance to antibiotics such as vancomycin and tigecycline, which were not registered for use in veterinary medicine in South Korea, of Enterococcus isolates from conventional and organic chicken carcasses. In addition, although multidrug resistant isolates were obtained from both types of chicken samples, the prevalence of samples positive for Enterococcus was significantly higher in conventional chicken carcasses than in organic chicken carcasses (P < 0.05). The most common multidrug resistance pattern was erythromycin-tetracycline-rifampicin in conventional chicken carcasses and quinupristindalfopristin-tetracycline-rifampicin in organic chicken carcasses. A high level of gentamicin resistance was observed in isolates from not only conventional (5.8%) but also organic chicken (1.9%) carcasses, with no significant difference in rates between them (P > 0.05). Despite this, our results suggest that organic food certification is effective in reducing fecal contamination and the burden of antibiotic-resistant Enterococcus spp. in chicken carcasses.
INTRODUCTION
The emergence and spread of antibiotic resistance in bacteria is considered a major public health problem. According to Molton et al. (2013) , a major cause for increased resistance in bacteria is the intense use and misuse of antibiotics in animal husbandry. In the food animal industry, poultry are increasingly recognized as reservoirs of antibiotic-resistant bacteria (Joseph et al., 2001 ) that contribute to the dissemination and persistence of antibiotic resistance mechanisms. In South Korea from 2011 to 2015, approximately 200 tons of antibi- Water supply r One nipple-type waterer should be used for 10 chickens, or one cup-type waterer should be used for 28 chickens.
Rearing density
r Less than 19 chickens should be housed per square meter.
Anticoccidial treatment
r Eight anticoccidial agents are approved: salinomycin, monensin, lasalocid, narasin, semduramicin, clopidol, diclazuril, and maduramicin. Antimicrobial treatment r The use of antibiotics is banned for prophylactic treatment and growth enhancement, but antibiotics are approved for use when disease occurs twice during the withdrawal period.
r No antimicrobials can be administered from 20 d of life. been raised on antibiotic-free feed, without the use of antibiotics, synthetic antimicrobials, or hormones (NAQS, 2016) . Instead of using antibiotics, the farms focus on the quality of the environment and living conditions to manage poultry diseases (Fanatico et al., 2009; Diaz-Sanchez et al., 2015) . The number of commercial chickens raised in an antibiotic-free environment has increased sharply during the last decade, and the market for organic livestock is expected to grow considerably in South Korea and the United States (Greene, 2001; NAQS, 2016) . Recent studies have suggested that the certification policy may cause consumers to believe that the products are free not only from chemical but also microbiological contaminants (Pouta et al., 2010; Van Loo et al., 2010) . However, relatively little is known about the impact of the policy on fecal contamination or the burden of antibiotic-resistant bacteria in chicken carcasses.
Enterococci have been widely used as bacterial indicators of fecal contamination in water, the environment, and soil because of their high tolerance for stressful conditions (Gira, 2002) . In food, including meat, the absence of these organisms has been accepted as an indicator of sanitary quality (Franz et al., 2003) . Moreover, enterococci can easily acquire antibiotic resistance against all currently available antibiotics by horizontal transfer of certain mobile genetic elements (Wirth, 1994; Hollenbeck and Rice, 2012) . Therefore, these organisms have emerged as good indicators of antibiotic resistance in food products (Nulty et al., 2016) .
This study was performed in South Korea to compare (1) Enterococcus spp. loads as an indicator of fecal contamination, (2) profiles of Enterococcus resistance to antibiotics currently used in veterinary medicine, and (3) rates of multidrug resistance in isolates obtained from conventional and organic chicken carcasses.
MATERIALS AND METHODS

Sample Collection
A total of 144 chicken carcass samples, comprising those from 72 conventionally and 72 organically raised chickens, was collected from local retail markets in Seoul, South Korea. In this study, chickens certified as "antibiotic-free" by NAQS were considered organic chickens. The Korean organic chicken standards and processing methods for both types of chickens are presented in Tables 1 and 2 , respectively. In organic farming, chickens are raised in carefully managed living conditions, including lower poultry density and more frequent health monitoring and cleaning of facilities, when compared to conventional farming. Anticoccidial agents are used to treat chickens in both organic and conventional farming. However, in organic farming, antimicrobial treatment is used only in response to disease. For instance, ampicillin at less than the recommended dose is used to treat chickens when they are diagnosed with necrotizing enterocolitica. All samples were collected from the same store at 3-week intervals between June 2016 and December 2016. On each of the 8 visits, we randomly selected more than 18 packages of whole chicken meat without giblets. All samples of commercial chicken carcasses were individually and aseptically vacuum packaged. After purchase, the samples were transported to a laboratory refrigerator (4
• C) and analyzed within 6 hours.
Isolation and Enumeration of Enterococcus
Each carcass was aseptically removed from its package and placed in a sterile bag containing 400 mL of buffered peptone water (Oxoid, Basingstoke, UK). Then, chicken rinsates were prepared with gentle shaking for 1 minute. Enterococcal counts in the rinsates were determined using previously described procedures (Mwanyika et al., 2016) , with minor modifications to lower the detection limit. Enterococcus colony-forming units (CFU) were enumerated by spreading 100 to 300 μL of each rinsate on an Enterococcosel agar plate (Oxoid). After incubation at 37
• C for 48 h, all raised colonies that appeared black were presumptively considered Enterococcus. Enterococcal counts were expressed as CFU per mL of sample rinsate.
To isolate Enterococcus spp., 1 mL of each rinsate was inoculated into 9 mL of bromocresol purple azide broth (Merck, Kenilworth, NJ) and incubated at 37
• C. Enrichment broths were evaluated at 24 and 48 h for a change in color from purple to yellow. A 10-μL loop of each yellowish broth was streaked onto the surface of an Enterococcosel agar plate (Oxoid) and incubated at 37
• C for 48 hours. Two colonies from each presumptive Enterococcus-positive sample were sub-cultured on laked horse blood agar (Oxoid) at 37
• C for 24 h, and then species were identified using the Vitek 2 system (bioMérieux, Marcy 1'Etoile, France). If the first colony was determined negative for Enterococcus, the next colony was analyzed.
Antibiotic Susceptibility Testing
In this study, susceptibility to 11 antibiotics (10 antibiotic classes) was determined using a Vitek AST-P601 card (bioMérieux) that tested for ciprofloxacin (CIP), tetracycline (TET), erythromycin (ERY), rifampicin (RIF), high-level gentamicin (HLG), vancomycin (VAN), teicoplanin (TEI), nitrofurantoin (NIT), quinupristin-dalfopristin (SYN), tigecycline (TIG), and linezolid (LIN) resistance. In the case of HLG resistance (MIC ≥ 1024 μg/mL), the agar dilution method was used to determine resistance. Isolates were considered susceptible, intermediate, or resistant according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI, 2016) . Multidrug resistance was defined as resistance to at least 3 different classes of antibiotics, as described by Magiorakos et al., 2012. (100) 52 (100) a Conventional: Carcasses from conventionally raised chickens. b Organic: Carcasses from organically raised chickens that were certified antibiotic-free by the National Agricultural Products Quality Management Service.
Data Analysis and Interpretation
Data were analyzed by Fisher's exact test or unpaired t test using Instat software (version 3.05; GraphPad, San Diego, CA). Differences with P values less than 0.05 were considered significant.
RESULTS AND DISCUSSION
Enterococcus Rates and Counts
Overall, 77.7% (112 of 144; 75% conventional and 80% organic) of chicken carcasses were positive for Enterococcus (Table 3 ). There was no statistically significant difference (P > 0.05) in the proportions of samples positive between conventional and organic chicken carcasses. However, the Enterococcus count in rinsates was significantly higher in conventional than in organic chicken carcasses (P < 0.05; Table 3 ). In conventional chicken carcasses, the mean Enterococcus load was 2.9 log CFU/mL with a maximum of 3.15 log CFU/mL and a minimum of 1.69 log CFU/mL. In organic chicken carcasses, the mean load was 1.78 log CFU/mL with maximum of 2.21 log CFU/mL and a minimum of 1.39 log CFU/mL (Table 3) .
Because the presence of Enterococcus indicates fecal contamination, these results suggest that organic chicken carcasses have higher sanitary quality than conventional chicken carcasses. Several studies have reported that the level of contamination by indicator microorganisms in chicken carcasses varies depending on the conditions in which the chickens were raised (Doyle and Erickson, 2006; Nørrung and Buncic, 2008; Vandeplas et al., 2010) . Given that organic chickens, which are certified as "antibiotic-free," were raised with a focus on animal health and welfare, good living conditions, and product quality (Griggs and Jacob, 2005; Tuyttens et al., 2008) (Tables 1 and 2 ), the lower burden of Enterococcus in organic chicken carcass was expected. This result was consistent with that of a previous report showing that conventional chicken carcasses had higher levels of contaminant indicator microorganisms than organic chickens (Álvarez-Fernández et al., 2013) .
Species Identification
Among the presumptive Enterococcus spp. tested (n = 104), we identified E. faecalis, Enterococcus faecium, Enterococcus hirae, and Enterococcus durans in both conventional and organic chicken carcasses (Table 4) . Enterococcus avium was detected only in organic chicken carcasses, whereas Enterococcus casseliflavus was detected only in conventional chicken carcasses. The predominant species in both conventional and organic chicken carcasses was E. faecalis (57.6 and 76.9%, respectively). There were no significant differences in the rates of Enterococcus positivity by species between conventional and organic chicken carcasses (P > 0.05; Table 4 ).
Regardless of chicken sample type, E. faecalis, followed by E. hirae and E. faecium, was the most common species isolated from chicken carcasses. Results of our study are consistent with those of previous studies suggesting that E. faecalis is the most common bacterium in chicken carcasses in South Korea, Canada, and China (Aslam et al., 2012; Kwon et al., 2012; Liu et al., 2013) . However, a report of the National Antimicrobial Resistance Monitoring System indicated that E. faecium is more common than E. faecalis in chicken carcasses (NARMS, 2015) . Given that these 2 species are the major causes of enterococcal infections in humans (Wisplinghoff et al., 2004) , the high rates of chicken carcass contamination with E. faecalis and E. faecium indicate the need for strict control of Enterococcus spp. to reduce the opportunity for spread in both conventional and organic chickens.
Antibiotic Susceptibility of Enterococcus Isolates
In this study, the antibiotic susceptibility of 5 antibiotics, namely CIP, TET, ERY, RIF, and HLG, representing different classes and registered for use in veterinary medicine were investigated (Table 5 ). These antibiotics were registered for veterinary medicine use by the Animal and Plant Quarantine Agency of South Korea. Conventional chicken carcasses showed antibiotic resistance rates as follows: 30.8% to CIP, 67.3% to TET, 44.2% to ERY, 46.2% to RIF, and 5.8% to HLG. Organic chicken carcass showed the following resistance rates: 9.2% to CIP, 76.9% to TET, 17.3% to ERY, 40.4% to RIF, and 1.9% to HLG. Among these antibiotics, rates of CIP and ERY resistance in Enterococcus isolates from conventional chicken carcasses were significantly higher than those in isolates from organic chicken carcasses (P < 0.05). However, the rates of resistance to TET, RIF, and HLG in Enterococcus isolates were not significantly different between conventional and organic chicken carcasses (P > 0.05; Table 5 ).
The use of fluoroquinolones in poultry has been prohibited in many countries, including the United States and Australia, because of concerns about increasing bacterial resistance in poultry and humans (FDA, 2005; Jordan et al., 2009 ). However, in South Korea, fluoroquinolones are commonly used in poultry husbandry (Table 2) . From 2011 to 2015, about 50 tons of fluoroquinolones were sold annually in South Korea for use in animal, including poultry, husbandry (KAHPA, 2015) . Specifically, enrofloxacin, a fluoroquinolone, is administered routinely at the recommended dose (50 mg/L/d) in drinking water and is subject to a withdrawal period (12 d). Therefore, the higher rates of CIP resistance in conventional compared to organic chickens, for which no fluoroquinolones should have been used, could be the result of selection pressure by antibiotics used in conventional poultry farming. CIP-resistant Enterococcus also has been isolated from human cases of enterococcal urinary tract infections in South Korea , supporting a previous suggestion that the use of fluoroquinolones in poultry may lead to the development of CIP-resistant bacteria that can infect humans (Khan, G. J. et al., 2015) .
Because of their broad spectrum of activity, some antibiotics such as TET, ERY, and RIF have been widely used in the poultry industry (Table 2) (Chopra and Roberts, 2001; Landoni and Albarellos, 2015) . For example, ERY is administered routinely at the recommended dose (122 mg/L/d) in drinking water and is subject to a withdrawal period (5 d). The number of bacteria that are resistant to these antibiotics has continued to increase, and now these microorganisms are disseminated widely throughout the food animal industry (Perreten et al., 1997; Hollenbeck and Rice, 2012) . Therefore, the high rates of resistance to these antibiotics in conventional chicken carcasses could be the result of selection pressure by the antibiotics used (Barbosa and Levy, 2000) , which is consistent with speculation in a previous report of a study in South Korea (Kwon et al., 2012) .
However, high rates of resistance to TET and RIF also were observed in isolates from organic chicken carcasses, even though no antibiotics were supposed to be used in raising these chickens. This result was consistent with those of previous reports, indicating that both organic and conventional chicken carcasses in the United States are highly contaminated with Enterococcus resistant to certain antibiotics, including TET and RIF (Schwaiger et al., 2010; Sapkota, Amy A. et al., 2011; Kilonzo-Nthenge et al., 2015) . Our results indicate that TET-and RIF-resistant Enterococcus have already spread and persist in poultry environments, even in the absence of antibiotic treatment in South Korea. Therefore, reinforcement or amendment of existing policies on the use of these antibiotics may be required to control persistent resistance to certain antibiotics.
Only 4 HLG-resistant isolates were detected in chicken carcasses; 3 isolates were obtained from a conventional and one from an organic chicken carcass. Gentamicin is the aminoglycoside (in combination with a cell wall active agent such as ampicillin) most widely used for the treatment of serious enterococcal infections in humans (Sood et al., 2008) . HLG-resistant Enterococcus spp. are continually identified in human cases, and the emergence of HLG-resistant bacteria in carcasses of not only conventional but also organic chickens could represent a serious threat to human health.
We also investigated antibiotic susceptibility to 6 antibiotics, namely VAN, TEI, NIT, SYN, TIG, and LIN, representing 5 different classes and not registered for use in veterinary medicine by the Animal and Plant Quarantine Agency of South Korea (Table 5) . Conventional chicken carcasses showed the following rates of resistance to these antibiotics: 9.2% to NIT, 31.4% to SYN, and 3.7% to LIN. Resistance to VAN, TEI, and TIG was not observed in conventional carcasses. Organic chicken carcasses, however, showed the following rates of antibiotic resistance: 1.8% in NIT and 33.3% in SYN. Resistance to VAN, TEI, TIG, and LIN was not observed in organic carcass. The rates of resistance to these antibiotics in Enterococcus isolates was not significantly different between conventional and organic chicken carcasses (P > 0.05; Table 5) In Korea, the use of the glycopeptide antibiotic avoparcin as a feed additive, the major cause of glycopeptide resistance in bacteria, was banned in 1998 Hawkey, 2008) . After prohibition of this antibiotic, glycopeptide resistance in Enterococcus spp. was still observed in poultry (16.7% in 2002 and 7.7% in 2003; Lim et al., 2006; Jung et al., 2007) . However, recent studies from South Korea have not found glycopeptide-resistant Enterococcus spp. in chickens (Kwon et al., 2012; Sung et al., 2013) . Consistent with this finding here, 18 yr after the prohibition of avoparcin, resistance to glycopeptides such as VAN and TEI was not detected in Enterococcus isolates from chicken carcasses. This suggests that prohibition of glycopeptide use in the poultry industry in Korea has been effective in reducing glycopeptide resistance in an indicator microorganism.
The use of nitrofurans as veterinary drugs has been banned, primarily because of their carcinogenicity, in Europe, the United States, and Australia since the 1990s. In South Korea, these antibiotics also have been prohibited since March 2003. Nevertheless, recent studies from the United States and Italy indicated that some Enterococcus strains were resistant to nitrofurans, including NIT (McGowan et al., 2006; Bertelloni et al., 2015) . Similarly, in South Korea, resistance to NIT in Enterococcus from poultry was still observed in 2004 (65.5%) and 2007 (18.6%; MAFRA, 2010) . Consistent with these findings, in this study, 13 yr after prohibition, resistance to NIT was detected in isolates from chicken carcasses (5.7%). Given that antibiotics in the nitrofuran class, including nitrofurazone, are commonly used in humans (Guay, 2001) , periodic monitoring of NIT resistance is needed.
We found high rates of resistance to SYN in Enterococcus isolates from not only conventional but also organic chicken carcasses (32.7 and 34.6%, respectively). Among the 35 SYN-resistant isolates, 34 isolates were identified as E. faecalis (97.1%). This could be because b Conventional: Carcasses from conventionally raised chickens. c Organic: Carcasses from organically raised chickens that were certified antibiotic-free by the National Agricultural Products Quality Management Service.
A,B Different superscripts within a row indicate a statistically significantly difference (P < 0.05).
E. faecalis is intrinsically resistant to SYN (Hollenbeck and Rice, 2012) . In addition, although SYN has not been registered for use in veterinary medicine, virginiamycin, a streptogramin showing cross-resistance with SYN, has been widely used as a feed additive for food animals (Hershberger et al., 2004) . Although virginiamycin has been banned as a feed additive since July 2011 in South Korea, Enterococcus isolates with resistance to SYN were observed in a 2007 study (54.6%; MAFRA, 2010) . Many studies have shown an increase in the number of Enterococcus strains with resistance to SYN as a result of intrinsic or acquired resistance mechanisms and their wide dissemination in poultry and humans (Acar et al., 2000; McDonald et al., 2001 ).
Multidrug-resistant Enterococcus
Of the 104 Enterococcus isolates obtained in this study, 47 isolates (45.1%) were identified as multidrugresistant (MDR) isolates. MDR isolates were more prevalent in carcasses of conventional chickens than organic chickens (55.7 and 34.6%, respectively, with P = 0.04). We found 13 antibiotic-resistance patterns among MDR isolates; results are shown in Table 6 . In the case of MDR isolates from conventional samples, the most common antibioticresistance patterns observed were ERY/TET/RIF (6 isolates, 11.5%), SYN/TET/RIF (5 isolates, 9.6%), and ERY/SYN/TET/RIF (5 isolates, 9.6%). In contrast to the patterns observed in conventional chicken carcasses, the most common pattern in organic samples was SYN/TET/RIF (11 isolates, 21.1%).
Given that antibiotic treatment has contributed to the emergence of antibiotic-resistant bacteria and is limited with antibiotic-free rearing, as defined by NAQS, the lower rates of MDR isolates in organic chicken carcasses were expected (Teuber, 2001; Smith et al., 2002; Nørrung and Buncic, 2008) . Our results were consistent with those of previous studies in the United States and South Korea (Sapkota, Amy A., et al., 2011; Kwon et al., 2012; Kilonzo-Nthenge et al., 2015) . However, although the rates were lower than those in conventional chicken carcasses, organic chicken carcasses also showed contamination with MDR Enterococcus spp. in this study. One possible explanation is that other factors such as environmental factors contribute to antibiotic resistance and the continuing evolution of Enterococcus spp. via genetic recombination (i.e., the sex pheromone system) (Wellington et al., 2013; Dunny and Berntsson, 2016) . In addition, this resistance may be associated with the use of other antimicrobials, such as antiparasitics, antivirals, or anticoccidial drugs (Barbosa and Levy, 2000) .
With their broad spectrum of activity against Grampositive pathogens, newer antibiotics such as LIN, TIG, and SYN have emerged as the choice therapies for MDR enterococcal infections (Arias et al., 2010) . All MDR isolates were susceptible to 2 of these antibiotics, i.e., LIN and TIG. However, in our study, a high level of resistance to SYN was observed in MDR isolates from both conventional and organic chicken carcasses (55.1 and 83.3%, respectively). This result suggests that LIN and TIG are good choices for the treatment of MDR enterococcal infections, but that SYN is not. Because MDR Enterococcus in poultry carcasses may play a role in the emergence of human MDR enterococcal infections (Kilonzo-Nthenge et al., 2015) , MDR Enterococcus contaminants, especially SYN-resistant MDR Enterococcus, detected in this study indicate the need for continuous and careful monitoring of both conventional and organic chickens.
In previous studies comparing the prevalence and characterizing other foodborne pathogenic bacteria, including Staphylococcus aureus, Listeria monocytogenes, and Salmonella Enteritidis, between 2 conventional and organic chickens, the prevalence and amount of bacteria were comparable or higher in organic chickens (Miranda et al., 2008; Lestari et al., 2009 ). However, antibiotic-resistance rates in isolates were significantly lower in organic chickens. Considering the results of both the current and previous studies, organic farming appears to contribute to a reduction in antibiotic-resistance bacteria.
The limitations of this study were that the number of carcasses surveyed was relatively small and the sampling areas were restricted, making it difficult to extrapolate to the burden of Enterococcus and Enterococcus antibiotic resistance in chicken carcasses across South Korea. In addition, although we chose samples that were produced by the same process, differences between meat production environments can affect contamination levels and the antibiotic-resistance status of Enterococcus isolates (Olsen et al., 2003) . Nevertheless, to the best of our knowledge, this is the first study to compare the Enterococcus spp. loads and antibiotic-resistance profiles of Enterococcus isolates in conventional and organic chicken carcasses in South Korea. The results of this study suggest that Enterococcus spp. are good indicators of the effectiveness of the organic food certification policy in reducing fecal contamination and the burden of antibiotic-resistant bacteria in chicken carcasses.
CONCLUSION
The organic food certification policy is important to controlling antibiotic-resistant bacteria in chicken carcasses. Our study revealed that Enterococcus spp. contamination rates were lower in organic chicken carcasses than in conventional chicken carcasses. In addition, the level of resistance to certain antibiotics was lower and the occurrence of multidrug resistance in Enterococcus isolates was less in organic chicken carcasses than that in conventional chicken carcasses. Nevertheless, because of the number of MDR Enterococcus isolates in organic chicken carcasses, periodic monitoring of not only chickens but also poultry environments is necessary to assess and prevent the transmission and persistence of antibiotic-resistant Enterococcus spp. in chickens raised both conventionally and organically. Future studies will be conducted in a more controlled processing environment to elucidate the major factors that improve the quality of organic chickens in terms of microbiological contamination and antimicrobial-resistant bacteria.
